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1.609 kilometer (km) percent 10,000 parts per million (ppm) or grams per metric ton (g/t) 1 The official name is "Bureau of Mines," without "U.S." or "United States," and USBM is unofficial, but for the convenience of the reader, and to avoid possible confusion with the National Bureau of Mines, "[U.S.] Bureau of Mines" and "USBM" are used in this report. 
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Introduction
The Neoarchean Stillwater Complex (2,704±5 Ma, uranium-lead zircon; Premo and others, 1990 ) is a mafic to ultramafic intrusion exposed in the Beartooth Mountains in south-central Montana ( fig. 1 ). Over 18,000 ft of layered igneous rocks are exposed and can be traced for 30 miles (mi) along strike. The J-M Reef, a reef-type platinum-group element (PGE) deposit, has been traced for 26 miles of the 30-mi strike-length of the complex, at least 1.2 mi down the dip of layering, and is open at depth. As of 2014, the J-M Reef is the sole source of primary PGE production and reserves in the United States. The Stillwater Complex also contains resources of chromium in stratiform chromite deposits and nickel and copper in contact-type PGE deposits Zientek and others, 2002) .
This report contains digital representations of previously published U.S. Geological Survey (USGS) and Montana Bureau of Mines and Geology (MBMG) geologic maps of
A Geologic and Mineral Exploration Spatial Database for the Stillwater Complex, Montana
By Michael L. Zientek and Heather L. Parks the Stillwater Complex, mineral exploration data compiled from many published and unpublished sources, and grid surfaces showing soil geochemical data. The exploration data only include activity that occurred before the early 1990s. The data are provided as 20 spatial database feature classes in an Esri geodatabase. Data on geologic unit (polygon); contacts, faults, and structures (line); and structure measurements (point), were sourced from four publications
• USGS Miscellaneous Investigation Series Map I-797 (Page and Nokleberg, 1974) • USGS Miscellaneous Investigation Series Map I-1383 (Segerstrom and Carlson, 1982) • Montana Bureau of Mines and Geology Special Publication 92 (Foose, 1985; Stillwater PGM Resources, 1985) • USGS Open-File Report 93-207 (Zientek and others, 1993) The map extent of the spatial datasets sourced from these geologic maps is shown in figure 2 . Most of the exploration information collected by exploration companies after World War II is not in the public domain; the exceptions are records for the Anaconda Minerals Company, which are now available through the Anaconda Geological Documents Collection, American Heritage Center, University of Wyoming. Sources for the exploration data are listed in the metadata for each feature class file.
The intent of this report is to release digital data that can be used by scientists who are working on the Stillwater Complex. The data structure and data fields are described and defined, along with process steps that were used in creating the files. File and feature class names used in the text of this report are represented with bold text in square brackets (for example, [I797_poly] ). Attribute table fields used in the text are represented with italics (for example, Unit_label). Detailed process steps used to create these files are discussed in the metadata for each feature class and in the "Description of Feature Classes Included with Stillwater_Complex.gdb" sections.
In addition to a description of the digital data, this report includes an overview of the geology and mineral exploration history that will help the user understand the information in the data files. 
B e a r t o o t h M o u n t a i n s
EXPLANATION
Overview of Data Files
The data files included with this report are briefly described in table 1. The vector and grid spatial datasets are provided as Esri geodatabase feature classes and Esri grids. The spatial data are accompanied by symbolization (.lyr) and metadata files. Also included are Excel files with lithologic unit descriptions and nickel-copper assay data.
The attribute tables of the polygon, line, and structural measurement point files share several attributes in common Table 1 . Description of digital data files included with this report.
[SPGMR, Stillwater PGM Resources] and follow a parallel construction. The files and possible attribute fields are listed in tables 2-4; files containing a particular field show an x in the corresponding table cell. Attribute descriptions for the polygon, line, and point files are included in tables 5-7, respectively Esri polygon feature classes
[I797_poly] Geology of the southern part of the Stillwater Complex and adjacent rocks from Page and Nokleberg (1974) [I1383_poly] Geology of the Stillwater Complex from Segerstrom and Carlson (1982) [OF93_207_poly] Geology of the Stillwater Complex from Zientek and others (1993) [SP92S3FP_poly] Geology of Frog Pond area from SPGMR, (1985) [SP92S4EBP_poly] Geology of East Boulder Plateau area from Foose (1985) Esri line feature classes
[I797_line] Geologic contacts, faults, and structures from Page and Nokleberg (1974) [I1383_line] Geologic contacts, faults, and structures from Segerstrom and Carlson (1982) [OF93_207_line] Geologic contacts, faults, and structures from Zientek and others (1993) [SP92S4EBP_line] East Boulder Plateau area faults and intrusions from Foose (1985) [still_trenches] Exploration trenches
[jm_reef] Surface trace of J-M Reef (SPGMR, written commun., 1993) Esri point feature classes
[I797_point] Geologic structural measurements sourced from Page and Nokleberg (1974) [I1383_point] Geologic structural measurements sourced from Segerstrom and Carlson (1982) [SP92S4EBP_point] East Boulder Plateau area geologic structural measurements from Foose (1985) [still_mines] Mine tunnels, shafts, adits, and portals
[amax_soil_gchm] Copper and nickel soil samples (SPGMR, written commun., 1993) [still_Pd_Pt_soil] Platinum and palladium soil samples (SPGMR, written commun., 1993) [still_anom] Platinum and palladium soil sample anomalies (SPGMR, written commun., 1993) [still_bulk] 
Field name Field description
Unit_label Map unit label.
Unit_1
In a hierarchical list, most general map unit name.
Unit_2
In a hierarchical list, more specific map unit name.
Unit_3
In a hierarchical list, most specific map unit name.
Description
Description of geologic unit.
Age
Age of geologic unit.
UntLblConc
Map unit label of rocks concealed by Quaternary cover.
UnitConcld Name of geologic unit concealed by Quaternary cover. 
Stillwater Complex-Rock Types and Geologic Map Units
Layered intrusions, such as the Stillwater Complex ( fig. 1 ), form by crystallization of magma deep in the earth's crust and have sheet-like to dike-like shapes. They consist primarily of cumulates, which are rocks that represent accumulations (concentrations) of early-formed cumulus minerals that crystallize from magmas. Cumulus rock textures are distinctive as they record nucleation and growth of crystals from the melt, enlargement of crystals to form a touching framework (a crystal mesh), solidification, and subsolidus grain boundary adjustments that minimize grain boundary surface energies (Hunter, 1987) . Cumulus rock compositions are also distinctive because they do not represent the composition of naturally occurring magmas but instead can be understood as a mixture of early-formed crystals with different proportions of trapped liquid. Cumulus rock nomenclature is summarized in appendix A.
As magma crystallizes in layered intrusions, layering features develop that are recognized by variations in modal proportions of cumulus and intercumulus minerals, rock textures, grain size, and mineral compositions. Individual layers range from laminations formed by the orientation of individual crystals that are fractions of an inch in diameter to strata that are tens to hundreds of feet thick and may extend for hundreds of miles along strike. The layering features are so pronounced and consistent that stratigraphic principles developed for sedimentary rocks are applied to these igneous rocks. Geologists measure stratigraphic columns through the sequence of layered igneous rocks to define mappable units.
The layered rocks that make up the Stillwater Complex can be divided into a hierarchy of mappable stratigraphic units based on the proportions of minerals and sequences of rock types ( fig. 3) . The lower part of the stratigraphic section consists of ultramafic rocks; the upper part is made up of gabbroids. The names of the hierarchical levels of the map units vary by geologist. For some, it is "zone and member" (higher and lower); others use "series and zone." For this report, we have standardized the unit rank names using a "series-zone-subzone" convention. Accordingly, the stratigraphic section of Stillwater cumulate rocks are divided into five series, which are subdivided into 14 to 17 zones, depending on who did the work. Zones can be further subdivided into subzones. In some cases, members, cyclic units 1 , and marker layers are mapped.
Geologists generally agree on how to subdivide the ultramafic rocks in the lower part of the complex, although the unit names vary slightly. The Basal series is a laterally persistent but heterogeneous unit made up of bronzite-rich cumulates containing minor segregations of noncumulate mafic rock McCallum and others (1980) and Raedeke and McCallum (1984) . 
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and inclusions of Archean metamorphosed sedimentary rocks (Page, 1979; Zientek, 1983; Zientek and others, 1985) . The Ultramafic series is made up of rocks that contain cumulus olivine, orthopyroxene, and chromite and is subdivided into a lower Peridotite zone and an upper Bronzitite zone (Jackson, 1961; Raedeke and McCallum, 1984) . The presence (or absence) and proportion of cumulus orthopyroxene, augite, and olivine, as well as changes in apparent crystallization order, are the basis for the subdivision of the gabbroids into the Lower, Middle, and Upper Banded series (McCallum and others, 1980; Segerstrom and Carlson, 1982; Todd and others, 1982) ; cumulus plagioclase is present in all rocks in these series. Segerstrom and Carlson (1982) mapped 10 units (members) that they grouped into the Banded upper zone. McCallum and others (1980) and Raedeke (1982) described 12 units (zones) in a measured section on the East Boulder Plateau that they grouped into three units: the Lower Banded series, the Middle Banded series, and the Upper Banded series. The stratigraphic section of Todd and others (1982) consists of 14 units (zones). These subdivisions are compared in figure 4 .
The most conspicuous difference in the stratigraphic descriptions is the subdivision of the Norite zone (member) of Segerstrom and Carlson (1982) into four stratigraphic units. As Segerstrom and Carlson were preparing their map, a stratabound layer of sulfide minerals enriched in platinumgroup elements, the J-M Reef, was being delineated within their Norite member by Johns-Manville Corp. (Page and others, 1985) . A more refined subdivision of this part of the stratigraphic section was an essential element of the exploration process, as reflected in the reports by McCallum and others (1980) and Todd and others (1982) . Most geologists have adopted the stratigraphic terminology based on the stratigraphic section ( fig. 4 ) described by McCallum and others (1980) and (or) Todd and others (1982) . Stratigraphic descriptions of the Lower, Middle, and Upper Banded series as described by McCallum and others (1980) Page and Nokleberg (1974) (Peoples and Howland, 1940; Wimmler, 1948; Howland and others, 1949; Jackson and others, 1954; Peoples and others, 1954; Howland, 1955) . The Page and Nokleberg map includes the results of some of the early nickel-copper exploration activities conducted along the basal contact of the complex, but most of that work was done after their map was compiled. The map does not show the full extent nor the subdivisions of the Lower, Middle, and Upper Banded series of the Stillwater Complex. A spatial database for this map has been previously released (Page and others, 2002) Map unit descriptions for the 1:12,000-scale geologic map by Page and Nokleberg (1974) Segerstrom and Carlson (1982) focused on subdividing and mapping the gabbroids that overlie the Ultramafic series (their Upper Banded zone). The 1943 USGS topographic base used by Page and Nokleberg (1974) does not completely cover the Stillwater Complex and, at the time of the Segerstrom and Carlson (1982) Page and Nokleberg (1974) and re-compiled it on their base. They subdivided and mapped 10 units in the Lower, Middle, and Upper Banded series in the late 1970s. The stratigraphic units mapped by Segerstrom and Carlson (1982) are similar, but not identical, to those described by McCallum and others (1980) . Segerstrom and Carlson's (1982) Map unit descriptions for the 1:24,000-scale geologic map by Segerstrom and Carlson (1982) In this database, the hierarchy of unit ranks used by Segerstrom and Carlson (1982) and earlier U.S. Geological Survey authors (zone, then member) is changed to the hierarchy used in newer publications (series, then zone). 
Members
McCallum and others (1980), Raedeke (1982) , Raedeke and McCallum (1982) Todd and others (1982) Troctolite-Gabbro V Pigeonite Gabbro VI Upper bronzitite
Maps of the East Boulder Plateau (Montana Bureau of Mines and Geology Special Publication 92)
Measured sections on the East Boulder Plateau document the stratigraphy of the Lower, Middle, and Upper Banded series (Hess, 1960; McCallum and others, 1980) . Two maps of the plagioclase-bearing rocks of the East Boulder Plateau have been published (1) Foose (1985) published a 1:6,000-scale map that includes rocks that extend from the contact between the Ultramafic and Lower Banded series to the contact between the Middle and Upper Banded series, and (2) a 1:6,000-scale outcrop map of rocks immediately adjacent to the J-M Reef (Stillwater PGM Resources, 1985) . The base map used for both of these compilations is a 1:4,800-scale top 
Mineral Resource Assessment of the AbsarokaBeartooth Study Area (Hammarstrom and others, 1993)
In the early 1990s, the USGS conducted a mineral resource assessment of the Beartooth Study Area of the Custer and Gallatin National Forests in Montana, which includes the Stillwater Complex (Hammarstrom and others, 1993) . The assessment scale was 1:126,720-a half-inch to a mile. Segerstrom and Carlson's (1982) map was used for the assessment; however, the spatial accuracy of the 1930s-era 1:62,500-scale topographic maps that served as the base for compilation limited the utility of this map for detailed studies. The geologic map by Segerstrom and Carlson (1982) was revised and simplified for use at a scale of 1:100,000 for the assessment study. The geology of the Lower and Middle Banded series was significantly revised between the Stillwater River and West Fishtail Creek. Analysis of detailed measured sections in the eastern part of the Stillwater Complex (work conducted in the late 1980s and published by Peterson and others, 1995) clarified the stratigraphy of the Lower and Middle Banded series in this area ( fig. 5 ). Using his field notes, R.R. Carlson revised the geologic map in this area. Other revisions to the overall map included (1) continuing high-angle-thrust faults in areas of cover and (2) adjusting some contacts to match large offsets in the J-M Reef. The map was generalized for use at a scale of 1:100,000 by (1) deleting small polygons of mafic dikes that cut the complex, (2) grouping units, (3) drawing larger polygons to include clusters of smaller polygons of similar rock type, (4) deleting sackung 2 , and (5) deleting fault segments that show little or no offset when viewed at a scale of 1:100,000.
2 A ridge-parallel trough formed by surficial creep, believed in some cases to be activated by earthquake shaking (American Geosciences Institute, 2014). These datasets were created by digitizing the geologic features shown on the 1:12,000-scale Page and Nokleberg (1974) geologic map. The published paper geologic map sheets were scanned by Optronics Speciality Corp., Inc. (Northridge, Calif.). The digital files were georeferenced and transformed to the Montana State Plane coordinate system. The data was digitized on-screen using heads up digitizing and an interim geologic map data model was applied. The data were then checked for position and attribute accuracy by comparing plots of the digital data to the source maps. The attribute table was configured to conform to a unified data structure. The file was reprojected to Universal Transverse Mercator (UTM) Zone 12N NAD 1983 and converted from an ArcInfo coverage to a geodatabase feature class. A topology was created for the line and polygon files with the polygon topological rules (1) must not have gaps, (2) must not overlap, and (3) boundary must be covered by [I797_line]; and line topological rules (1) must not overlap, and (2) must not self-overlap. The topology was verified and errors were corrected where needed. These datasets are not meant to be displayed at larger than 1:12,000.
Description of Feature Classes in
The attribute tables were constructed to reflect a unified field structure for the polygon, line, and structural measurement point feature classes included with this report. User defined attribute table fields included within these files are shown in tables 2 (polygons) These datasets were created by digitizing the geologic features shown on the 1:24,000-scale Segerstrom and Carlson (1982) geologic map. The geologic map was scanned and georeferenced and the features were digitized by East View Cartographic. The file was reprojected to UTM Zone 12N NAD 1983. Features were then checked against the georeferenced source map and edits were made as necessary. A topology was created for the line and polygon files with the polygon topological rules (1) must not have gaps, (2) must not overlap, and (3) boundary must be covered by [I1383_ line]; and line topological rules (1) must not overlap, and (2) must not self-overlap. The topology was verified and errors were corrected where needed. These datasets are not meant to be displayed at larger than 1:24,000.
The attribute tables were constructed to reflect a unified field structure for all the polygon, line, and structural measurement point feature classes included with this report. User defined attribute These datasets are largely based on the geologic map by Segerstrom and Carlson (1982) . The map was generalized for use at a scale of 1:100,000 and significant revisions were made to the geology of the Banded series in the area between the Stillwater River and West Fishtail Creek. The Segerstrom and Carlson (1982) geologic map was digitized and minimally attributed using the GSMAP program (Selner and Taylor, 1992) . The resultant digital map was then revised, generalized, and converted into an ASCII file and then brought into an Esri ArcInfo data format to create an ArcInfo coverage. The Department of Geography at the University of Idaho corrected polygon errors in the ArcInfo coverage, attributed all polygons with minimal geologic map unit information, and added a boundary for the outer extent of the mapped units. The digital files were revised and attributed using an interim USGS geologic map data model. The data were checked for accuracy by comparing plots of the digital data to the source map. The files were converted from coverages into geodatabase feature classes. A topology was created for the files with the polygon topological rules (1) must not have gaps, (2) must not overlap, and (3) boundary must be covered by [OF93_207_line]; and line topological rules (1) must not overlap, and (2) must not self-overlap. The topology was verified and errors were corrected where needed. These datasets are not meant to be displayed at larger than 1:100,000.
The attribute tables were constructed to reflect a unified field structure for all of the polygon and line feature classes included with this report. User defined attribute (Foose, 1985, and Stillwater PGM Resources, 1985) These datasets were created by digitizing the geologic features shown on the 1:6,000-scale geologic maps by Foose (1985) and Stillwater PGM Resources (1985) . The geologic maps were scanned and georeferenced and the features were digitized on-screen using a GIS. Features were checked against the georeferenced source maps and edits were made as necessary. A topology was created for the line and polygon files with the polygon topological rules (1) must not have gaps and (2) must not overlap, and line topological rules (1) must not overlap and (2) must not self-overlap. The topology was verified and errors were corrected where needed. These datasets are not meant to be displayed at larger than 1:6,000.
The attribute tables were constructed to reflect a unified field structure for all the polygon, line, and structural measurement point feature classes included with this report. User defined attribute 
Exploration-Related Spatial Datasets
The Stillwater Complex hosts mineral occurrences and deposits enriched in nickel, copper, chromium, and platinumgroup elements (PGE) that form by segregation and accumulation of crystals of metallic oxides or immiscible sulfide liquids from silicate magma. Sulfide-associated mineralization includes (1) contact-type sulfide deposits (magmatic sulfide minerals concentrated near the base of the complex; Zientek, 2012) , (2) reef-type mineralization (stratiform concentrations of disseminated sulfide minerals that may be enriched in PGE; Zientek, 2012) , (3) sulfide and PGE concentrations occurring at and significantly below medium-grained anorthosites overlying coarse-grained anorthosites that make up the Anorthosite II zone (the Picket Pin zone described by Boudreau and McCallum, 1986) , and (4) pegmatoidal lenses, pipes, and other discordant mineralization. Oxide-associated mineralization includes (1) chromitites (stratiform chromitite layers; Schulte and others, 2012) , and (2) PGE-enriched stratiform chromitite layers (Zientek, 2012) .
Exploration to assess the mineral potential of the Stillwater Complex started in the late 1880's and continues today (table 8) . Work typically began with reconnaissance mapping, geochemical sampling, and geophysical investigations to identify areas to be tested by bulk sampling, trenching, drilling, or underground exploration. The amount of data that has been generated is staggering; however, it is not easy to find and is difficult and expensive to capture in a form that can be manipulated in a geographic information system. This report does not include all of the data from the exploration process. It includes spatial digital datasets created from both published and unpublished sources that are (1) representative of the latter stages of the exploration process; (2) give an indication of the location, quantity, and quality of mineralization; or (3) Only underground mining has been conducted at Stillwater and mine portals and adits can be observed on the digital orthophoto quads, the digital raster graphic 7.5-minute topographic maps, and some geologic maps (Peoples and Howland, 1940; Jackson and others, 1954; Peoples and others, 1954) . The location of mine tunnels, shafts, adits, and portals are compiled in the feature class [still_mines]. Roby (1949) , Wimmler (1948) , Jackson (1968) , Conn (1979) , Page and others (1985) , , and Zientek and others (2002) have presented overviews of exploration work in the Stillwater Complex. Exploration companies that have done work include those listed in table 9. The following summary is provided to give context to the information in the spatial digital datasets. The discussion is organized by exploration target, which usually corresponds to different deposit types. 
Nickel and Copper in Contact-Type Deposits
Nickel-copper mineralization was discovered in the 1880s in the eastern part of the Stillwater Complex. Starting in 1925, several companies conducted exploration programs to characterize the nickel and copper resources near the base of the complex (Page and others, 1985) . Almost all of the rocks along the base of the complex have been examined by methods that include geologic mapping at scales ranging from 1:1,200 to 1:12,000, aeromagnetic surveys (Blakely, 1984) , soil geochemical surveys (for example, [amax_soil_gchm]), and ground-based geophysical surveys (most are typically magnetics and induced polarization). Bulldozer trenching was done in the Benbow area (locations of 12 trenches totaling 6,400 ft excavated by Anaconda in 1969 are shown in the [still_trenches] feature class), drilling was done in most places, and exploratory adits were driven in the Nye Basin and Mountain View areas. Metallurgical test work was conducted on mineralized rocks from the Mouat and Camp deposits and from the Nye Basin and Chrome Lake prospects. Drill-hole collar locations are compiled in the feature class [still_sdh] ( fig. 7) . The drill-hole patterns show that most exploration work for nickel and copper in contact-type deposits was in the eastern part of the complex; the density of drilling shows the location of the Mouat nickel-copper deposit in the Mountain View area (Zientek and others, 1989) . and the Camp nickelcopper deposit in the Iron Mountain area. Both of these areas were drilled in sufficient detail to calculate a mineral inventory. Data for six holes drilled by Lindgren for Cyprus on the Boulder-Forge claim group in 1969 and 2 to 3 holes drilled in the Mouat nickel-copper deposit by Idaho Consolidated Metals in 2000 are not included in the compilation.
A grid [klcu] representing the copper results of a soil geochemical survey conducted by AMAX Inc., was generated from the [amax_soil_gchm] feature class ( fig. 8) . The grid was calculated using the log-transformed values of copper using the ordinary kriging method with a spherical semivariogram model. A variable search radius and 12 points were used. The grid was generated with the spatial analyst extension in Esri ArcGIS 8.3 and was clipped by a polygon to limit the analysis to the areas that were sampled.
Chromium-The G and H Chromite Seams
In the Stillwater Complex, chromite seams are found in the Peridotite zone of the Ultramafic series, and only the chromite-enriched layers in the Mountain View, Nye Basin, Benbow, and Gish areas have the continuity, thickness, and grade to be of economic interest for chromium. Stillwater chromite mineralization is similar to, but lower-grade than, high-iron or chemical grade chromite ores mined elsewhere in the world (Jackson, 1968; .
Chromite seams were discovered early in the exploration of the Stillwater Complex (Page and others, 1985) . As many as 13 chromite seams 3 are present within the Peridotite zone, but chromite seams other than the A, B, G, H, and K are rarely more than a few inches thick (Jackson, 1968) . In exposed parts of the Peridotite zone, the thicker chromite seams are easily found by detailed mapping. Between 1939 and 1942, the U.S. Geological Survey and the [U.S.] Bureau of Mines undertook a cooperative project in which the geology and resources of chromite in the complex were studied. All exposures of the Peridotite zone with significant concentrations of chromite were mapped and sampled (Peoples and Howland, 1940; Wimmler, 1948; Howland and others, 1949; Jackson and others, 1954; Peoples and others, 1954; Howland, 1955; Jones and others, 1960) . Outcrop mapping at a scale of 1:1,200 was made for the most important prospect areas. Published locations of channel sample and trench sites are included in [still_bulk] and collar location of drill-holes are included in [still_sdh] (figs. 6 and 7). The information in these feature classes under-represent the amount of prospecting work that was done; almost all significant exposures of chromiteenriched rock in the complex were sampled.
Historical mining focused on two chromite seams, the G (as much as 11.8 ft thick) and the H (as much as 2.5 ft thick) that occur in the middle of the Peridotite zone ( fig. 1 ; Jackson, 1968) . Ore averages 20 to 22 weight percent Cr 2 O 3 from which concentrates were produced that average ~38.5 to 41.5 weight percent Cr 2 O 3 . The chromium-to-iron ratio is low, typically 1.44 to 1.61. Some development and mining was done along Little Rocky Creek (Benbow) and the Boulder River (Gish) preceding and during World War I. Mine development at Gish, Mouat-Sampson, and Benbow took place during the World War II. Underground development work at the Gish Mine, the Benbow Mine, and the Mouat-Sampson Mine during World War II allowed the chromite seams to be examined over a vertical extent of 492 to 984 ft (Wimmler, 1948 (Cooper, 1997) . The G and H chromite seams were intersected in drill core at least 295 ft below the number 5 level of the mine. Collar locations of these underground holes are not included in this compilation. Howland and others (1936) recognized the potential for finding reef-type PGE mineralization in the Stillwater Complex. Thirty-seven years later (1973), the J-M Reef was discovered by Johns-Manville exploration geologists (figs. 1 and 3). Conn (1979) described exploration activities that led to the discovery of the J-M Reef. Unpublished geologic maps (1:1,200) show the outcrop geology all along the trace of the J-M Reef. Exploration activities also included soil geochemical surveys, ground-based geophysical surveys (most typically magnetics and induced-polarization), trenching, and drilling. The first mine on the J-M Reef, the Stillwater Mine, went into production in 1986, producing platinum and palladium as well as gold, rhodium, copper, and nickel. The second mine, the East Boulder, started production in 2001. The J-M Reef is represented in the [jm_reef] feature class included with this report.
PGE in Reef-Type Deposits
J-M Reef
The J-M Reef consists of 0.5 to 3 volume percent magmatic sulfide minerals that are associated with the 5th olivine-bearing member of the Olivine-bearing I zone in the Lower Banded series. Sulfide and PGE mineralized rock typically extends over a 3.3-to 9.8-ft thick stratigraphic interval although mineralization is locally absent or may be more than 39 ft thick. The strata that host the reef dip 50 to 60 degrees to the northwest of the West Fork of the Stillwater River; to the east, dips steepen and are locally overturned east of the Stillwater River. Systematic geochemical surveys by Johns-Manville were instrumental in locating the J-M Reef (Zientek and others, 2005) . Over 10,900 samples of soil, talus fines, seeps, and stream sediments were collected at 100-ft intervals on contour traverses or lines in grid patterns. Grid sampling extends over the stratigraphic interval from below the contact between the Ultramafic series and the Lower Banded series to the Anorthosite I zone in the Middle Banded series. B-horizon soils were sampled where available, with the C-horizon serving as a second choice. For soil samples, about two heaping handfuls of material were collected. For talus samples, the finest material available in a 25-ft radius around the site was taken. The samples were analyzed for platinum and palladium, with palladium being below the detection limit for fourteen percent of the locations (1, 498) ; and platinum being below the detection limit for almost half of the sites (5, 415) . The locations of the sample sites are shown in the [still_Pd_Pt_soil] feature class. In these data, values below detection limits are indicated by negative values. The location of weak, moderate, and strong geochemically anomalous samples (for platinum and palladium) from these surveys is included in the feature class, [still_anom]. The anomalies categorized as "weak geochem anomaly" are where platinum plus palladium is 50-100 ppb, where platinum is less than palladium, and 80-200 ppb where platinum is greater than palladium. Anomalies categorized as "moderate geochem anomaly" are where platinum plus palladium is 100-200 ppb where platinum is less than palladium. The anomalies categorized as "strong geochem anomaly" are where platinum plus palladium is >200 ppb.
Surface grids representing the geochemical data were generated from the [still_Pd_Pt_soil] feature class and are included with this report as [klpd] and [klpt] (fig. 8 ). Before the surface was created, censored values were replaced by a value of half the reported detection limit and the logarithms of the platinum and palladium values were calculated. Surfaces were calculated using the log-transformed values of palladium and platinum using the ordinary kriging method with a spherical semivariogram model. A variable search radius and 12 points were used. The surfaces were generated with the spatial analyst extension in Esri ArcGIS 8.3. The resulting surfaces were clipped by a polygon to limit the analysis to the areas that were sampled.
The 
PGE-Enriched A and B Chromite Seams
Stratiform chromite seams can be enriched in PGE to the extent that they can be considered for development strictly on their PGE content alone. The UG2 chromite seam in the Bushveld Complex represents one of the major repositories of PGE in the world (Sutphin and Page, 1986) . Elevated PGE concentrations may be associated with sulfide minerals in the chromitites. However, the amount of sulfide minerals in these PGE-enriched chromitites is very low (much lower than 1 volume percent); sulfur content of the PGE-enriched chromite seams is typically <100 ppm. Sulfide minerals are difficult to observe in the field; rarely, secondary copper minerals can be found on some mineralized chromitites.
In the Stillwater Complex, the highest PGE concentrations are consistently associated with the A and B chromite seams. The A and B chromite seams consist of one or more massive chromitite layers in a 4.9 to 14.8 ft interval with disseminated chromite in olivine cumulate and thin chromitite layers in a cyclic unit near the base of the Peridotite zone. Exploration activity focused on these chromite seams in the eastern part of the Stillwater Complex.
Interest in the PGE concentrations of chromite-rich rocks postdates the wartime effort to evaluate the chromium resources in the complex. Exploration efforts are less comprehensive than the work to evaluate the chromium resources of the complex or the potential for reef-type mineralization in the Lower Banded series. Reconnaissance sampling reported by Page and others (1969; 1972; 1976) obtained a suite of samples that stratigraphically represented all chromite seams in the Peridotite zone; the A chromite seam in the West Fork area was clearly anomalous because it had higher concentrations of palladium and platinum than other chromitite layers. Subsequent investigations subdivided the A chromite seam in the West Fork area (Mann and others, 1985) . The lower chromite seam, the A, is finer-grained and laterally discontinuous; the upper group of chromite-enriched layers is coarser-grained, shows greater lateral continuity, and is referred to as the B chromite seam.
Based on the results summarized by Page and coworkers, several episodes of exploration activity focused on the PGE-enriched chromite seams in the West Fork -Crescent Creek area, first by Anaconda in 1969 and 1979, and later by Boulder Gold in 1986 and 1987 (Reichl, 1991; 1992) . The chromite seams in this area can be traced for 1.1 mi on strike. Results of the work in 1979 identified 3.4 million metric tons of rock averaging 2.4 ppm platinum and palladium over a nominal width of 3.9 ft. The best assays reported by Boulder Gold for this area are surface samples of the B chromite seam with 10.97 ppm PGE over 3.6 ft and 21.6 ppm PGE over 6 inch (Boulder Gold, written comm., 1991) 
PGE in Other Deposit Types
Picket Pin Zone
The Picket Pin zone is a disseminated sulfide mineralization concentrated against a grain-size contact near the top of the Anorthosite II zone in the Middle Banded series of the Stillwater Complex (fig 3; Boudreau and McCallum, 1986) . The mineralization consists of 1 to 5 volume percent sulfide minerals that are associated with a pyroxene-free, quartz-and apatite-bearing interstitial mineral assemblage. Crudely stratabound mineralization is exposed for 13.7 mi along strike and tends to be concentrated over a 32.8 ft interval near the grain-size contact. However, scattered concentrations of sulfide minerals may be found as far as 492 ft below this contact. Sulfide mineral accumulations in the cumulates have shapes that are like lenses (a few feet to about 100 ft in extent) or pipes (3.3 to 6.6 ft in diameter by 164 ft long). The highest values determined for this mineralization were obtained from a surface sample that contained 7.9 ppm palladium plus platinum (Boudreau, 1986) .
Exploration activity focused on PGE-enriched sulfide mineralization that consistently occurs near the top of the Anorthosite II zone along its 13.7-mi strike-length. The Picket Pin zone was one of the first PGE-enriched sulfide occurrences recognized in the complex (Howland and others, 1936) . Work on the Picket Pin mineralization included sampling mineralized outcrops, bulk sampling, and drilling. Systematic soil geochemical surveys have not been conducted; although ground magnetic surveys were used to locate the olivine-bearing rocks overlying the Anorthosite II zone in areas where these rocks are not exposed. Exploration activity summarized in [still_sdh] and [still_bulk] was done by Anaconda from 1979 to 1983; however, there was minimal information about the location of the holes and their orientation and the quality of this information is not as good as most of the other information in these feature classes. The location of 14 holes drilled by International Platinum and 3 holes drilled by the claim holders along the eastern part of the zone in the late 1980s are not included in this compilation.
Pegmatoidal Lenses, Pipes, and Other Discordant Mineralization PGE-enriched magmatic sulfide minerals have been found in lens-like to discordant mafic pegmatoids in the upper part of the Bronzitite zone and the lower part of Lower Banded series of the Stillwater Complex. Many examples of sulfide-bearing mafic pegmatoids are recognized in the complex, but those that are PGE-enriched appear to be clustered in the area from Lost Mountain to north of Iron Mountain ( fig. 6 ). Occurrences are commonly named for the mining claim on which they occur-Janet 50; Janet 55W, and Coors 602.
The geochemical surveys directed at locating reef-type mineralization in the Lower Banded series (see [still_anom]) located several anomalies in the Ultramafic series and Lower Banded series below the J-M Reef that turned out to be PGEenriched pegmatoidal lenses or discordant bodies. These areas were mapped, trenched, and drilled. The Janet 50 occurrence in the upper part of the Bronzitite zone extends over an area of 98 by 164 ft and consists of a pegmatoidal bronzitite with disseminated sulfide minerals and local concentrations of graphite (Volborth and Housley, 1984) . The average of 5 analyses of samples collected by the one of the authors (Zientek) from surface exposures of the Janet 50 pegmatoid gave the following results: 0.38 weight percent sulfur, 0.09 weight percent copper, 0.27 weight percent nickel, less than 2 ppb iridium, 5 ppb ruthenium, 16 ppb rhodium, 692 ppb platinum, 1,278 ppb palladium, and 130 ppb gold. Trenching, drilling, and mapping in the Coors 602 area has located several bronzite-rich pegmatoids in the Lower Banded series below the J-M Reef and a dike-like body of bronzitite that cuts the Lower Banded series (McIlveen, 1996) . An interval 25 ft wide from one of the mineralized pegmatoids contained 4.4 ppm platinum and 11 ppm palladium (Conn, 1979) . The Janet 55W zone consists of disseminated sulfide mineralization associated with bronzite-rich pegmatoids immediately below the J-M Reef. An interval 4.6 ft wide contained 7.2 ppm palladium plus platinum. Although many of the pegmatoids in the Coors 602 area contain sulfide minerals, not all are enriched in PGE.
Other Styles of Mineralization
Concentrations of chromite and sulfide minerals also have been found along the contact between an alaskite intrusion and the Stillwater Complex that crops out south of Picket Pin Mountain ( fig. 6 ; Czamanske and others, 1991) . These rocks are enriched in PGE and were one of the first occurrences studied by Johns-Manville in 1968 (Conn, 1979) . A bulk sample from this occurrence assayed 5.1 ppm platinum, 3.4 ppm palladium, 0.4 ppm rhodium, 0.24 percent nickel, 0.03 percent copper, and 5 percent chromium (Conn, 1979) .
Description of Feature Classes in Stillwater_Complex.gdb-Exploration Datasets
Mine Tunnels, Shafts, Adits, and Portals, Stillwater Complex, Montana (still_mines)
The [still_mines] point feature class provides spatial and descriptive data for mine tunnels, shafts, adits, and portals in the Stillwater Complex. The data show locations of underground PGE, chrome, and copper-nickel exploration and mining.
This dataset was created by digitizing points on-screen using a geographic information system (GIS). Locations were sourced from georeferenced maps or photo imagery of the Stillwater Complex. The shapefile was then converted to a geodatabase feature class. Data sources are listed in the Ref_short field, and full references are listed in the "References Cited" section of this report. The attribute table fields and their definitions are listed in table 10. This dataset is not meant to be displayed at larger than 1:12,000.
Copper and Nickel Soil Geochemistry, Stillwater Complex, Montana (amax_soil_gchm)
The [amax_soil_gchm] point feature class provides spatial and descriptive data for copper and nickel geochemistry data from soil samples collected by AMAX Inc. in the Stillwater Complex. The data may indicate the presence of nickel and copper sulfide minerals in underlying strata. Gridding the data provides a mechanism to examine patterns for anomalous metal values.
This dataset was created by scanning and georeferencing unpublished paper maps from AMAX Inc., and digitizing points on-screen using a GIS. A data structure was designed and the copper and nickel values were transferred from the maps into the attribute table. The attribute table fields and their definitions are listed in table 11. The file was reprojected to UTM Zone 12N NAD 1983 and converted to a geodatabase feature class. This dataset is not meant to be displayed at larger than 1:12,000.
Field name
Field description Name Name of feature.
Commodity Commodity being mined.
Mine_name Name of mine.
Feature Type of feature.
Ref_short
Abbreviated reference for source document; full references are listed in the "References Cited" section of this report. presence of platinum and palladium minerals in underlying strata. This dataset was created by scanning and georeferencing 12 unpublished paper maps from the Johns-Manville Corporation and digitizing points using GSMAP (Selner and Taylor, 1992) . The USGS program GSMGIS.exe version 9 was used to make two ASCII files. The ASCII files were converted to a shapefile, and reprojected to Montana State Plane South. All points were checked against georeferenced images for location and proper attribution. A rudimentary database structure was created and populated. The attribute table fields and their definitions are listed in table 13. The shapefile was converted to a geodatabase feature class and reprojected to UTM Zone 12 NAD 1983. This dataset is not meant to be displayed at larger than 1:12,000.
Trench and Bulk Sample Locations, Stillwater Complex, Montana (still_bulk)
The [still_bulk] point feature class provides spatial and descriptive data for trenches and bulk geochemical sample sites in the Stillwater Complex ( fig. 6 ). Twenty-five published and unpublished paper maps, including those from Anaconda, Johns-Manville Corporation, Stillwater PGM Resources, and the U.S. Geological Survey, were used to create this file. Detailed source information is listed in the metadata. The point features show locations of trenches and sites that were analyzed for chromite, copper-nickel, and PGE mineralization.
This dataset was created by scanning and georeferencing paper maps and digitizing points using GSMAP (Selner and Taylor, 1992) . A center point was used for trench locations that were plotted as linear features. The USGS program GSMGIS.exe version 9 was used to make two ASCII files. The ASCII files were converted to a shapefile, and reprojected to Montana State Plane South. All points were checked against georeferenced images for location and proper attribution. A
Field name
Field description 1969 to 1993. Additional detailed source information is listed in the metadata. The point features show locations of drillholes that were analyzed for chromite, copper, nickel, PGE, and gold mineralization. Drill-hole depths range from <2 to 2,806 ft. This dataset was created by scanning and georeferencing paper maps and digitizing points using GSMAP (Selner and Taylor, 1992) . The USGS program GSMGIS.exe version 9 was used to make two ASCII files. The ASCII files were converted to a shapefile, and reprojected to Montana State Plane South. All points were checked against georeferenced images for location and proper attribution. A rudimentary database structure was created and populated. The attribute Exploration companies analyzed over 24,000 samples of drill core for copper and nickel when they were evaluating the sulfide deposits near the base of the Stillwater Complex. This work started in 1966 and was largely finished by 1983. Analytical methods used to determine the copper and nickel values are not known. For most of the analyses, the nickel values reflect the total nickel content of the rock. For some material, nickel was determined on a selective leach that would indicate the amount of nickel in sulfide minerals in the rock. This was important for rocks that contained both sulfide These analytical data were provided to the USGS. Information from paper copies of assay reports and data sheets were transferred to a digital format. Most of the information was hand-written and some was difficult to read because of poor quality reproductions. Data provided by each company were in a slightly different format. Information was entered as shown on the reports and then reformatted so that the data could be merged into a single file. Hole names were reformatted to correspond to names used in the feature class [still_sdh]. Copper and nickel values originally reported as "less than" are shown as negative numbers. In the process of merging the data, check assays or analyses of internal standards that were in some reports were excluded. Data entry was checked by looking for obvious errors including (1) were the values for copper and nickel reasonable, (2) were footages listed as the beginning of the assay interval (from) less than the footage at the end of the assay interval (to), and (3) Each company employed a slightly different sampling strategy; these differences will affect how the user interprets the data. Anaconda used a rock bit at the start of the hole and continued until they encountered rock competent enough to obtain core. Samples of the sludge from the rock bit intervals were collected and submitted for analysis; recoveries for the rock bit intervals are listed as "-1" in the "rec_core" column of the compilation. Core was split lengthwise by sawing and all core collected was assayed. Core was combined into assay intervals that were no smaller than 1 ft and did not exceed 10 ft. Assay intervals were varied to reflect lithologic changes observed in the core. Cyprus did not sample and analyze rock bit sludge. Core was split lengthwise and all core was assayed. Core was combined using 10-ft intervals and assay intervals were not adjusted to reflect rock type. One hole had a composite interval of 5 ft. AMAX Inc. did not sample and analyze rock bit sludge. For mineralized rock, core was split lengthwise with a hydraulic knife. Core was then combined into assay intervals that were generally <10 ft. Assay intervals were adjusted to reflect lithologic breaks. For intervals of unmineralized rock adjacent to mineralized intervals, chip samples of core were selected throughout a large interval (as much as 50 ft) and combined for analysis. Lindgren did not sample and analyze rock bit sludge. Only mineralized rock was selected for analysis and core was combined into assay intervals that were as much as 5 ft long.
Exploration Trenches, Stillwater Complex, Montana (still_trenches)
The [still_trenches] line feature class represents exploration trenches in the Stillwater Complex. This dataset was created by digitizing the features shown on georeferenced air photos using a GIS. The attribute table fields contained within this feature class their descriptions are listed in table 17. This dataset is not meant to be displayed at larger than 1:12,000.
J-M Reef, Stillwater Complex, Montana (jm_ reef)
The [jm_reef] line feature class represents the surface trace of the J-M Reef of the Stillwater Complex ( figs. 1 and 3 ). This dataset was created by digitizing the features shown on 11 unpublished 1:4,800-scale geologic maps (Stillwater PGM Resources, written commun., 1982-85) . The geologic maps were scanned and georeferenced and the features were digitized on-screen using a GIS. The user defined field contained within this feature class is listed in table 3, and the field description is listed in table 6. This dataset is not meant to be displayed at larger than 1:4,800.
Column heading
Column heading definition ddh_id Diamond drill-hole identifier.
work_by_id Name of the company that drilled the hole.
locality Name of the area where the hole was drilled.
tag_number Laboratory number.
from Start of the sample interval, measured from drill-hole collar, in feet.
to End of the sample interval, measured from drill-hole collar, in feet.
interval Length of the sample interval, in feet.
rec_core Amount of core recovered from sample interval, in feet. -1 value = recovery for rock bit intervals.
recovery Percent recovery (amount of core recovered/ the length of the sample interval) times 100.
Cu_pct
Copper concentration, in percent. -1 value = below detection limit.
Ni_tot_pct
Whole rock nickel concentration, in percent.
-1 value = below detection limit.
Ni_sul_pct
Nickel concentration in sulfide component of the rock, in percent. -1 value = below detection limit.
Ni_min_pct
Minimum nickel value from Ni_sul_pct and Ni_tot_pct. -1 value = below detection limit. 
Rock Names Based on Total Mode
The earliest descriptions of rock in the Stillwater Complex used names that reflected the total mode of all minerals in the rock (Jackson, 1967) . Adjectives were used to describe variations in rock texture. For example, the term harzburgite could refer to an olivine cumulate or an olivine-bronzite cumulate. The adjectives "poikilitic" and "granular" were added to the rock name to distinguish these two rock types. At the time of those studies, an internationally-accepted nomenclature for naming rocks based on total mode had not been adopted. The criteria used to name rocks were not explicitly described in the early studies. The formal terminology proposed by Streckeisen (1973) has not been rigorously applied to rocks from the Stillwater Complex.
Cumulus Nomenclature
Textures of most Stillwater igneous rocks are characterized by hypidiomorphic-granular fabrics that consist of a "framework" of anhedral to euhedral crystals (cumulus crystals) "cemented" by minerals interstitial to the cumulus grains. Interstitial, postcumulus material may form crystallographically continuous grains that surround and include cumulus crystals (oikocrysts), fill intergranular interstices, or form overgrowths on existing cumulus crystals. Wager and others (1960) proposed a classification of cumulates based on the character and proportions of the cumulus crystals. Rock names for cumulates are formed by listing the cumulus minerals in decreasing order of abundance followed by the word cumulate. For example, a rock composed principally of cumulus plagioclase, a smaller proportion of cumulus olivine, and postcumulus augite would be called a plagioclase-olivine cumulate. This system for naming rocks has been applied by many geologists in the Stillwater Complex and has been successfully used to map igneous stratigraphy and communicate detailed textural and modal information about rock types.
Cumulate names are cumbersome so most geologists use a system to abbreviate rock names. These abbreviations are formed by using single letters to abbreviate mineral names that are listed in decreasing order of abundance, followed by the letter "c" for cumulate. Five minerals, olivine, low-Ca pyroxene, augite, plagioclase, and chromite, make up most rocks in the complex; abbreviations used for these minerals are "o", "b", "a", "p", and "c", respectively. Using this system, an olivine-bronzite cumulate becomes an "obc". Some geologists have used different type case for mineral abbreviations and the cumulate letter "c". For example, an olivine-bronzite cumulate could be designated either an "obC" or an "OBc". Subscripts indicating the modal proportion (percentage) of minerals can be added to the acronym. An "o 50 b 30 C" designates an olivinebronzite cumulate that has 50 percent modal olivine and 30 percent modal orthopyroxene (by inference, the remaining 20 percent of the rock is made up of intercumulus minerals).
Other geologists indicate modal information by prefacing the acronym with color-index terms such as leucocratic, melanocratic, feldspathic, etc. When the presence of a cumulus mineral is questioned because of low modal abundance or indeterminate textures, some geologists will put the mineral term in parentheses. A "b(p)C" is a bronzite cumulate that may have cumulus plagioclase.
Abbreviations for intercumulus minerals sometimes follow the list of cumulus minerals and the letter "C". In some cases, if oikocrysts are recognized, the term "oiks" follows the cumulate abbreviation. For example, "pc with pyroxene oiks" is an abbreviation for a plagioclase cumulate with oikocrysts of pyroxene (a mottled anorthosite). Other geologists follow the cumulus letter "C" with the letter "O" (for oikocrysts) or "I" (for interstitial) and a list of mineral abbreviations. For example, an "oCOb" would be an olivine cumulate with oikocrysts of orthopyroxene.
Cumulate nomenclature works well for most igneous rocks in complex; however, there are important exceptions. Rocks with pegmatoidal textures occur as lenses, pods, or semi-conformable layers. Usually, the mineralogy and modes of the pegmatoidal rocks are similar to enclosing cumulate rocks. If the rock is an olivine cumulate with poikilitic crystals of plagioclase and orthopyroxene, then the pegmatoid will be a feldspathic harzburgite. Geologists using cumulate nomenclature will refer to the rock as an olivine cumulate pegmatoid or an "oCP" where the "p" at the end of the abbreviation refers to the word pegmatoid. In other rocks, irregular shapes characterize the morphology of cumulus minerals. Geologists have referred to these rocks as ragged. In addition to the irregular crystal shapes, modes and grain size of the rock may vary irregularly over small distances (fractions of an inch to multiple inches). These rocks have been described as vari-textured or heterogeneous-textured. Cumulate nomenclature also is inappropriate to use on the fine-grained, noncumulate rocks found near the base of the complex.
Traditional Rock Names Applied to Modes of Cumulus Minerals Irvine (1982) proposed that the most effective approach to naming cumulates is to use both cumulate and traditional names. He suggested that cumulate names serve for classification and analysis, and proposed that familiar names be formulated according to the main cumulus minerals, rather than the total mode of the rock. A comparative listing of traditional names for ultramafic and gabbroic cumulates is provided in 
